Derivatives of the composite R plasmid NRl from which a portion of the resistance determinants (rdeterminants) component had been deleted were found to undergo amplification of the remaining rdeterminants region in Escherichia coli and Salmonella typhimurium. The wild-type NRl plasmid does not amplify in these genera, although all of these plasmids undergo amplification in Proteus mirabilis. The deletion mutants retained the mercuric ion resistance operon (mer) but conferred a much lower level of sulfonamide resistance than NRl. The remaining r-determinants region, which is bounded by direct repeats of the insertion element IS], formed multiple tandem duplications in E. coli, S. typhimurium, and P. mirabilis after subculturing the host cells in medium containing high concentrations of sulfonamide. Gene amplification was characterized by restriction endonuclease analysis, analytical buoyant density centrifugation, DNA-DNA hybridization, and sedimentation in sucrose gradients. The tandem repeats remained attached to the resistance transfer factor component of the plasmid in at least part of the plasmid population; autonomous tandem repeats of r-determinants were probably also present. Amplification did not occur in host recA mutants. Amplified strains subcultured in drug-free medium lost the amplified r-determinants. By using a strain temperature sensitive for the recA gene, it was possible to obtain gene amplification at the permissive temperature. Loss of rdeterminants took place at the permissive temperature, but not at the nonpermissive temperature. The termini of the deletions of several independent mutants which conferred low sulfonamide resistance were found to be located within the adjacent streptomycin-spectinomycin resistance gene.
Derivatives of the composite R plasmid NRl from which a portion of the resistance determinants (rdeterminants) component had been deleted were found to undergo amplification of the remaining rdeterminants region in Escherichia coli and Salmonella typhimurium. The wild-type NRl plasmid does not amplify in these genera, although all of these plasmids undergo amplification in Proteus mirabilis. The deletion mutants retained the mercuric ion resistance operon (mer) but conferred a much lower level of sulfonamide resistance than NRl. The remaining r-determinants region, which is bounded by direct repeats of the insertion element IS], formed multiple tandem duplications in E. coli, S. typhimurium, and P. mirabilis after subculturing the host cells in medium containing high concentrations of sulfonamide. Gene amplification was characterized by restriction endonuclease analysis, analytical buoyant density centrifugation, DNA-DNA hybridization, and sedimentation in sucrose gradients. The tandem repeats remained attached to the resistance transfer factor component of the plasmid in at least part of the plasmid population; autonomous tandem repeats of r-determinants were probably also present. Amplification did not occur in host recA mutants. Amplified strains subcultured in drug-free medium lost the amplified r-determinants. By using a strain temperature sensitive for the recA gene, it was possible to obtain gene amplification at the permissive temperature. Loss of rdeterminants took place at the permissive temperature, but not at the nonpermissive temperature. The termini of the deletions of several independent mutants which conferred low sulfonamide resistance were found to be located within the adjacent streptomycin-spectinomycin resistance gene.
Gene amplification on segments of extrachromosomal elements has been reported for several bacterial systems, including Proteus mirabilis (36) , Streptococcus faecalis (7), and Escherichia coli (5, 21, 22) . The first and most completely characterized of these systems is the amplification of drug resistance genes on R plasmid NR1 in P. mirabilis. NR1 consists of two dissociable components, the resistance transfer factor (RTF; 69 kilobase pairs [kb] ) and the resistance determinants (r-determinants; 20.6 kb), which are separated by direct repeats of the insertion element ISl (8, 16, 31) . NR1 confers resistance to chloramphenicol and fusidic acid (cam fus), streptomycin and spectinomycin (str spc), sulfonamides (sub, and mercuric ions (mer) (23) , all encoded by genes on the r-determinants. The tetracycline resistance (tet) on NR1 is encoded by TnlO on the RTF.
If P. mirabilis harboring NR1 is cultured for a prolonged period in medium containing high levels of one or more drugs to which the r-determinants segment confers resistance, amplification of the r-determinants DNA is observed. A concomitant increase in resistance is observed for all antibiotics to which the r-determinants segment confers resistance (13) . Mercuric ions resistance is an exception, being unaffected by gene dosage (27) . The amplified r-determinants occur as multiple tandem repeats (poly-r-determinants) attached to the RTF and as autonomous species (30) . When these strains are subcultured in drug-free medium, the polyr-determinants are lost from the cells, eventually restoring the plasmid to its original state of one r-determinant segment for each RTF. This gene amplification in medium containing drugs and the loss of amplified DNA in drug-free medium have been termed transition and back transition, respectively.
Strains of E. coli harboring NR1 do not undergo a transition on selection for high levels of resistance to antibiotics. Rather, copy number (cop) mutants of NR1 are observed (26) , which have an increased number of copies per cell. These plasmids have the same structure as nontransitioned NR1 with one copy of the r-determinants attached to the RTF.
A variety of deletions in the r-determinants of NR1 have been isolated in this laboratory (34, 35) , facilitating further analysis of the transition. These deletions were isolated by introducing NR1 into a streptomycin-dependent strain of E. coli by conjugation. (26) . SulIr plasmids derived from NR1, which include pRR206, pRR210, pRR213, pRR217, and pRR222, are described below.
Media. Nutrient agar and Penassay broth (Difco Laboratories) were supplemented with 20 ,ug of thymine per ml. Minimal medium of Davis and Mingioli (9), was supplemented with required nutrients (proline and thymine, 20 ,ug/ml; cysteine, 40 jig/ml; histidine, leucine, arginine, threonine, methionine, tryptophan, lysine, and serine, 50 ,ug/ml; thiamine and nicotinic acid, 1 ,ug/ml) and 0.1 mg of Casamino Acids (Difco) per ml except in selective media for transconjugants. Levels of drug resistance were assayed by the method of Hashimoto and Rownd (13) (20) and purified on columns of Sephadex G-50 or by ethanol precipitation.
DNA-DNA hybridization. All DNA hybridization was carried out as described previously (10, 37) . The procedure of Brewer et al. (3) was used for gradient hybridization with the following modifications. Samples (5 ,ul) from each fraction were denatured with 5 ,ul of 2 N NaOH, neutralized with 10 ,ul of 2.5 Tris (pH 7.0), and spotted on nitrocellulose filters. When spots had soaked in, the filters were floated on 4 x SSC (lx SSC is 0.15 M NaCl plus 0.015 M sodium citrate) until completely wetted and submerged to soak for at least 3 h. Nitrocellulose filters were blotted on filter paper, air dried, and heated at 80°C in a vacuum oven for 2 h. Gradient hybridization spots on nitrocellulose were cut into separate squares and counted for radioactivity by liquid scintillation.
Sucrose gradients. Fractions containing radioactively labeled plasmid DNA were pooled from preparative CsCl gradients. Dye was extracted with isoamyl alcohol, and the DNA was dialyzed against 0.1x SSC. Sedimentation was through 5-ml, 5 to 20% sucrose gradients as described previously (30) . RESULTS
Restriction endonuclease analysis of Sulir deletions of NR1.
Strains harboring the deletion mutants of NR1 which confer low sulfonamide resistance (Sulir) are Str' Spc' and Cams. We expected that these plasmids would have deleted a contiguous region of NR1 including the cam-fus and str-spc genes ( Fig. 1) . The plasmid DNA of several Sul"r strains was isolated and digested with restriction endonucleases EcoRI, BglII, and HindlIl. EcoRI fragments G, I, J, K, L, and M map in the r-determinants (Fig. 1) ; fragments A and H contain the IS] elements that separate the r-determinants from the RTF, as shown by DNA hybridization ( ml, the highest concentration tested. With prolonged incubation, however, Sulir strains eventually formed colonies on all levels of sulfonamide tested. To determine whether these colonies were revertants to the Sulr phenotype or arose gradually from their slight resistance to this bacteriostatic drug, large colonies arising on 200 pg of sulfonamide per ml were purified on nutrient agar and retested by plating on 0, 25, and 100 ,ug/ml. Colonies formed readily within 2 days at 37°C on all three drug concentrations. Resistance levels to mercuric chloride and to tetracycline were also tested and were found to be unchanged by growth in medium containing sulfonamide.
Plasmid buoyant density in Sulr strains cultured in medium containing sulfonamide. One possible explanation for reversion of the Sulir phenotype to confer a higher lever of resistance was amplification of the r-determinants, i.e., a transition. For NR1 in P. mirabilis, this is readily observable in whole-cell DNA buoyant density profiles in analytical CsCl gradients since the RTF (1.708 g/ml) and r-determinants (1.717 g/ml) have different buoyant densities. DNA from P. mirabilis, E. coli and S. typhimurium harboring Sulir plasmids was isolated from cells cultured in the presence or absence of sulfonamide, and the DNA was centrifuged in analytical CsCl density gradients (Fig. 4) . The nontransitioned plasmid DNA was clearly seen at a density of 1.710 g/ ml in density profiles of DNA from Sulir strains of P. mirabilis (Fig. 4A) . Both E. coli and S. typhimurium have chromosomal DNA buoyant densities of 1.710 g/ml; thus, chromosomal DNA would mask the plasmid DNA in CsCl gradients of DNA from these strains before growth in medium containing sulfonamide ( Fig. 4C and E) .
After growth of the E. coli and P. mirabilis strains in medium containing sulfonamide, DNA appeared in the gradients at densities of 1.714 to 1.716 and 1.717 to 1.718 g/ml ( Fig. 4B and D) . For pRR210, seven to nine r-determinants attached to the RTF would give a density of about 1.714 g/ ml; and 1.717-g/ml peak presumably contains autonomous poly-r-determinants or fragments from composite structures. With extensive r-determinants amplification, the density of composite poly-r-determinants-RTF structures may approach the density of autonomous r-determinants, giving a single, skewed high-density peak. This was observed for the transition of E. coli and P. mirabilis in some of our experiments.
An intermediate-density DNA species was never observed for the transition in S. typhimurium AA2102 (Fig. 4F) patterns of DNA from S. typhimurium was not skewed to the less-dense side. This suggests that the amplified NR1 DNA in strain AA2102 does not contain as many poly-r-determinants-RTF molecules as in a transition in E. coli or P. mirabilis. However, as many as four r-determinants attached to an RTF would yield a plasmid density of 1.712 g/ml or less, which might not be resolved from the Salmonella chromosomal DNA. Larger poly-r-determinants were not attached to the RTF in this strain, since these would have been detected at some intermediate density or as a skewing of the high-density band.
The appearance and disappearance of these plasmid species was highly variable, depending on the strain and the culture conditions. For example, E. coli KP245(pRR217), after a 106-fold dilution and growth to stationary phase in medium containing sulfonamide, exhibited a plasmid density shift with two distinct density species; both density species remained after three successive subcultures of the strain in medium containing sulfonamide (Fig. 5A through C) . In similar experiments with the same strain, a single highdensity band skewed to the less-dense side was observed instead of two distinct bands (data not shown). The fraction of high-density DNA relative to the chromosome did not increase after the first subculture, suggesting that gene amplification was near its upper limit under the growth conditions in these experiments.
The back transition occurred more gradually, requiring about six successive subcultures of the transitioned culture in drug-free medium. The high-density plasmid DNA disappeared first, whereas the intermediate density species decreased slowly in amount and density until the buoyant density pattern was indistinguishable from that of the original nontransitioned strain (Fig. 5D through G) .
The transition in S. typhimurium AA2102(pRR210) was evident as a single high-density band after subculturing to stationary phase from a 103-fold dilution into medium containing sulfonamide. After a 107 dilution, stationary-phase cultures had a higher proportion of the high-density species (Fig. 6A through C) . The back transition in strain AA2102(pRR210) was quite rapid compared with that in strain KP245. Cultures arising from a 106-fold dilution into drug-free medium had virtually no detectable high-density plastid DNA (Fig. 6D through F) . This comparatively rapid loss of amplified r-determinants from S. typhimurium may be related to the lack of an intermediate density species and to the high frequency of loss of the r-determinants from nontransitioned composite R plasmids observed in S. typhimurium (34, 35, 40) . The composite plasmid structures in S. typhimurium may be unstable and dissociate so rapidly that no more than a few copies of the r-determinants are maintained associated with the RTF.
Restriction analysis of transitioned Sul"r plasmid DNA.
Amplification of the r-determinants component relative to the RTF component was verified by restriction analysis of plasmid DNA from Sulir straitis of E. coli before and after subculturing in medium containing sulfonamide. Yields of covalently closed circular DNA from strains cultuted in the presence of drug were low, as expected for larger plasmids carrying multiple r-determinants. Therefore, strains were diluted 104-fold into drug-free medium before plasmid isolation, allowing a degree of back transition to occur and improving covalently closed circular DN-A yields. The plasmid DNA thus obtained, although not indicative of the extent of r-determinants amplification in the original culture, served to illustrate the important features of restriction patterns of transitioned plasmids. Figure 7 , lane 1, shows the constant stoichiometry of restriction bands in a Sulir plasmid from a strain not exposed to sulfonamide. In plasmid DNA fronm the same strain subcultured in the presence of sulfonamide, EcoRI fragments I, K, and L from within the r-determinants had a higher stoichiometry than fragments B, C, D, E, and F from the RTF (Fig. 7, lane 3) . The ISJ-containing fragments GA and H were also present at the lower stoichiometry. A new restriction fragment of 6.6 kb was present at the higher stoichiometry, and this fragment hybridized to IS] (lane 4). A similar EcoRI restriction pattern was observed for the transition of pRR210 in P. mirabilis and S. typhimurium (data not shown).
The appearance of this new restriction fragment is readily explained. If the transition was IS] mediated and the entire r-determinants region precisely amplified (bottom of Fig. 3) then the mer and sulr ends of the r-determinants region would be joined, giving rise to a restriction fragment containing parts of EcoRI-H and EcoRI-G, separated by IS]. This fragment, called the transition fusion fragment, would be amplified. It would also contain homology to IS], detectable by DNA-DNA hybridization. A similar fragment has been reported for the transition of NR1 in P. mirabilis (39) .
BglII restriction analysis confirmed the general pattern reflecting amplification of the r-determinants. Since a single BglII site maps within the r-determinants of pRR210, only one fragment was amplified. This fragment had the same size as the r-determinants. This was the transition fusion fragment, and it contained homology to IS] as expected (Fig. 7) . 32P-labeled probe DNA containing EcoRI-C fr( EcoRI-I from the r-determinants.
The percentages of covalently closed cir DNA relative to open circular plasmid plus i somal DNA from nontransitioned cultures ra to 4.0% in different experiments, giving a cov circular plasmid copy number of one to two pei (Fig. 8A) . However, gradient hybridization about half the nontransitioned plasmid was circular-linear DNA fraction, doubling the esti four plasmids per chromosome (data not shov
No high-density r-determinants DNA wa nontransitioned cultures (Fig. 8C) . In transiti by contrast, a large fraction of the DNA band density than chromosomal DNA (Fig. 8D ). This fraction varied in different experiments from 17 to 25% of the chromosomal DNA. Hybridization experiments showed that the amount of RTF per chromosome increased only slightly if at all. By contrast, the amount of r-determinants DNA increased 12-to 20-fold relative to the chromosomal DNA.
Homology to both RTF-and r-determinants-specific probes was detected at intermediate density fractions of the DNA from the transitioned culture. This distribution of homologies could occur only if poly-r-determinants were attached to the RTF, even though a discrete intermediate density band was not observed in analytical CsCl gradients of DNA from the same culture (data not shown). Homology to both probes was also observed in chromosomal density fractions, which could represent nontransitioned plasmid DNA in the cell population. The high-density r-determinants homology could result from autonomous r-determinants; however, these species might also be breakage products of composite structures carrying multiple r-determinants. The data cannot distinguish between these two possibilities.
Sucrose gradient sedimentation of transitioned Sul"r plasmid DNA. The high-density plasmid species was presumed to be high-molecular-weight poly-r-determinants DNA, as previ-20000 r ously observed for the transition of NR1 in P. mirabilis. 120000 However, the presence the autonomous monomeric r-determinants was not strictly eliminated. To estimate the molecular weight of transitioned molecules and thus distinguish 10000 between these two possibilities, the high-density plasmid DNA was sedimented in sucrose gradients.
[3H]thyminelabeled DNA from transitioned Sullir strains was isolated and fractionated oh CsCl gradients without dye (Fig. 9A ).
[14C]thymine-labeled DNA from the same host lacking any plasmid was included in the gradients to demonstrate separa-20000 tion of high-density plasmid DNA from chromosomal DNA.
Purified plasmid DNA was pooled, dialyzed, and sedimented on sucrose gradients.
The high-density plasmid DNA had an average sedimenta-WOO00 tion coefficient in neutral sucrose gradients of 46S (Fig. 9B) . In alkaline sucrose gradients, the plasmid sedimented as a broad band between 30S and 40S (Fig. 9C) . The molecular weight of the DNA was estimated from the sedimentation coefficients as described previously (11, 30 [14C]thymine-labeled chromosomal DNA isolated from cells without a plasmid was included in the gradients to demonstrate separation of high-density plasmid DNA from chromosomal DNA. High-density plasmid DNA was sedimented on neutral (B) and alkaline (C) sucrose gradients. The sedimentation standard was 14C-labeled phage lambda DNA. The direction of sedimentation is from right to left in the diagrams. density profiles or by restriction analysis of plasmid DNA ( Table 2) . Strains of E. coli that were RecA-(deficient in host homologous recombination) consistently showed a reduction in plating efficiency on medium containing sulfonamide to a level of about 10-4. Analysis of a few randomly selected colonies in these experiments revealed that not all colonies were in fact transitioned. By contrast, the Rec+ control strains had a 100% plating efficiency after prolonged incubation on plates containing sulfonamide (strain CSH51 was an exception), and all of the colonies examined were found to contain transitioned DNA. Rec-colonies which contained amplified plasmid DNA had a high-density DNA fraction of as much as 25% of the chromosomal DNA, based on analytical CsCI gradients of whole-cell DNA. These cultures were confirmed to be UV'.
The recA dependence of the transition was also verified with the recA(Ts) strain KL399. Cells harboring Sulir derivative plasmids had a 103 to 104-fold lower plating efficiency at the nonpermissive temperature than at the permissive temperature on agar containing sulfonamide. The recA effect was even more pronounced in S. typhimurium. There was at least a 106-fold lower plating efficiency on medium containing sulfonamide for the SulIr derivative of recA strain AA2211 than for the SulIr derivatives of Rec+ strain AA2102.
These results are in agreement with the observed effect of recA on the transition of NR1 in P. mirabilis (H. Hashimoto and R. Rownd, unpublished data).
Other Rec-strains were tested and shown to affect the transition frequency as well. The strains were from the collection of A. J. Clark (for review, see reference 6). The various strains were plated on medium containing concentrations of sulfonamide as high as 500 Fig/ml , and colonies arising were tested for the transition. Strains with the lowest recombination frequencies had the lowest transition frequencies (Table 2) , whereas the transition frequency of recombination-proficient mutants was the same as that of the wild type. Rec-strains with residual recombination levels of 4.) about 1% of wild type varied in transition frequency, which was generally lower than that of wild type. All strains were tested for sensitivity to mitomycin C to confirm the Rec phenotype.
The mutant strain JC8679 (recB recC sbcA) was the only phenotypically Rec+ strain with a somewhat reduced transition frequency. The phenotypically Rec-strain JC8691 (recB recC sbcA recE), although confirmed to be mitomycin C sensitive, supported the same transition frequency as Sulir strains harboring mutations other than rec grew as well on medium containing sulfonamide as the control strains did, and colonies tested always exhibited a transition. Strains containing lesions in del, polA, himA, himB, or topA were tested. The del mutation reduces the frequency of ISImediated deletions (29) . The polA mutation eliminates DNA polymerase I activity, which is required for replication of certain plasmids such as ColEl, but not for NR1 replication.
We tested the possibility that, if autonomous replication of the r-determinants was involved in the transition, it might require DNA polymerase I. The himA and himB mutants were tested since they affect the integration of phage lambda into the chromosome, a site-specific recombination event.
The topA lesion affects the omega protein (38), a topoisomerase which relaxes negative supercoils in DNA in vitro. Among its pleiotropic effects in vivo, top reduces the frequency of transposition of TnS, but not of Tn3. None of these mutations had a detectable effect on the transition. Effect of recA on the back transition. The poly-r-determinants formed in a transition, whether attached to the RTF or not, presumably continually recombine intramolecularly to break down into smaller structures and intermolecularly to build up larger structures. These recombination events are most likely rec mediated. If the dissociation of composite transitioned plasmids during a back transition requires homologous recombination, then transitioned plasmids might be preserved in a Rec-background even in the absence of selection.
This possibility was tested with the recA(Ts) strain KL399(pRR210). The transition was selected for at 30°C by culturing the cells in medium containing sulfonamide. Then, transitioned cultures were diluted into drug-free medium at the permissive (30°C) and nonpermissive (42°C) temperatures. The loss of amplified r-determinants was monitored through subsequent generations by analytical CsCl density gradients of whole-cell DNA.
The resulting DNA buoyant density patterns showed a decrease in the amount of high-density plasmid species, which depended on the amount of growth in drug-free medium (Fig. 10) . Both the wild-type and recA(Ts) strains required about 120 generations to complete the back transition at 30°C. At 42°C, the back transition was complete in half the time in the wild type (data not shown), but was still not complete in the recA(Ts) strain after about 300 generations. This indicated that the back transition requires homologous recombination. The poly-r-determinants structures are stably maintained through many generations as a high-density species in a Rec-background. DISCUSSION We have characterized the transition in E. coli, S. typhimurium, and P. mirabilis of a class of deletion derivatives of the composite R plasmid NR1 which confer a low level of resistance to sulfonamides (Sul1r). These plasmids result from deletions in NR1 extending from the ISla in EcoRI-A into the str-spc resistance gene. IS]a was not itself deleted, as shown by DNA-DNA hybridization. IS] is known to mediate deletions of this type at high frequency (28, 32) . type resulted from deletion into the structural gene for sulfonamide resistance, then at least 0.6 kb of this gene, about 200 amino acid residues of the protein, all of which would be necessary for wild type activity, would have been eliminated without total loss of enzymatic activity. This seems very unlikely since dihydropteroate synthase, encoded by the sul gene, is about 45,000 to 50,000 daltons (41), ca. 450 amino acid residues. A more plausible explanation is that sul and str-spc form an operon, with sul distal to str-spc. on November 6, 2017 by guest http://jb.asm.org/ Downloaded from high levels of sulfonamide. The results were consistent with ISJ-mediated amplification of the r-determinants in tandem arrays (poly-r-determinants) as found with NR1 in P. mirabilis. The amount of amplification of the r-determinants was as much as 20-fold. The RTF was shown to be attached to multiple copies of the r-determinants; autonomous poly-rdeterminants may also be present. There was, however, no amplification of the RTF component during a transition of Sulkr plasmids.
It is unknown whether the r-determinants can replicate autonomously during a transition. In S. typhimurium, transitioned plasmid DNA appears to consist predominantly of autonomous poly-r-determinants; these species constitute up to 25% of the total cellular DNA. Their abundance could result from autonomous replication. It is unlikely that they are nonreplicating dissociated molecules from the composite RTF-poly-r-determinants structures since the latter appear to have at most about four copies of the r-determinants per RTF. The autonomous r-determinants would be rapidly lost by passive dilution if this was the case. The r-determinants segment is a very unstable entity in S. typhimurium compared with that in E. coli; even so, it appears not to be passively diluted as a nonreplicated species during a back transition. It is also unlikely that the poly-r-determinants molecules recombine back into the RTF to be replicated, since the resulting structures would be seen as intermediate density material in density gradients. Therefore, it would appear likely that poly-r-determinants are autonomously, albeit unstably, replicated in this system. In E. coli or S. typhimurium harboring NR1, the transition has never been observed, despite attempts in different laboratories to select for high resistance to chloramphenicol, streptomycin, or both (5, 26; unpublished data). Selection for high levels of drug resistance has consistently yielded cop mutants instead. Previous reports of drug resistance gene amplification of E. coli deal with phage P1-chloramphenicol r-determinants cointegrates (22) , Tn9 on the RTF of R100.1 (5) , and an inducible tetracycline resistance determinant on a low-copy-number plasmid unrelated to NR1 (21) . However, in no system has amplification of the entire rdeterminants of NR1 been reported. It is presently not known why the Sulir deletion plasmids undergo a transition in E. coli and S. typhimurium, whereas plasmids carrying the entire r-determinants do not. It is possible that there is a gene or region of the plasmid within the deleted region which is an inhibitor of the transition in E. coli and S. typhimurium, but not in P. mirabilis. Alternatively, the transition of the SulIr plasmids may be in response to the strong selection provided by the sulfonamide in the growth medium, since the deletion plasmids confer only a low level of resistance to this antibiotic.
